Abstract: Grazing lands should be monitored to ensure their productivity and the preservation of ecosystem services. The study objective was to investigate the effectiveness of an Ecological Health Index (EHI) for assessing ecosystem ecological health in grazing lands. The EHI was developed by synthesizing existing vegetation and soil cover indicators. We implemented long-term transects at 44 farms from two ecological regions in Patagonia, the Humid Magellan Steppe (HMS) (n = 24) and Subandean Grasslands (SG) (n = 20), to collect data on established quantifiable vegetative and soil measurements and the EHI. Using known quantifiable measures, the HMS had numerically greater species richness compared to SG. Similarly, the average percentage of total live vegetation was more favorable in HMS. Correlating the EHI with these known quantifiable measures demonstrated positive correlations with species richness, the percentage of total live vegetation and carrying capacity and was negatively correlations with bare ground. These results suggest that EHI could be a useful method to detect the ecological health and productivity in grazing lands. Overall, we conclude that EHI is an effective short-term monitoring approach that ranchers could implement annually to monitor grazing lands and determine the impacts of ranch decision-making on important ecosystem indicators.
Introduction
Grazing lands are necessary ecosystems to human life and occupy 3.6 billion ha or about one third of global land area [1] . Grazing lands provide a range of provisioning ecosystem services such as food, fiber and energy in addition to numerous regulating, cultural and supporting ecosystem services. Because of population growth, urban sprawl and land-conversion, pastoral livestock production systems have and will continue to experience challenges contextually to the natural resource base they rely on, particularly land and water [2] . Hence, existing grazing lands must be managed for their long-term productivity and health. Thus, knowledge and techniques assessing the impact (positive or negative) of management of grazing lands on ecosystem services are critical.
To monitor the ecological health of grazing lands, several methods and techniques are used. These monitoring strategies employ direct field sampling and lab measurement to obtain precise data of specific ecosystem properties such as vegetation composition and soil organic matter [3] [4] [5] [6] . However, the ecological processes (water cycle, energy flow and nutrient cycle) and their interrelationships are very complex which make it difficult or expensive to directly measure, particularly by land managers [7] . Moreover, spatial and temporal variability in extensive grazing management systems which are closely related to ecosystem processes and can also be quickly measured (requiring about five minutes per checkpoint). Moreover, the selected indicators for EHI, such as the species richness (the number of species in the checkpoint), are simple in scope and thus hopefully more apt to be adopted by farmers and managers.
Another component to our ecosystem indicator selection was the fact that those primarily involved in its development are also accredited educators for holistic management which teaches the evaluation of four ecosystem processes (water cycle, mineral cycle, energy flow and community dynamics) at the landscape surface. Thus, we also worked to use language and variables that existing holistic management practitioners associate with.
Before applying a new land monitoring strategy, it is essential to test its feasibility and reliability by comparing the index score to other quantifiable measurements (QM) that are known ecological indicators. For example, LFA indices (e.g., stability, infiltration and nutrient cycling index) have been shown to positively correlate with soil properties (e.g., aggregate stability, water infiltration and soil respiration) [24, 25] . Therefore, our objective was to determine the effectiveness of EHI on assessing the ecological health of grazing lands. To do this, we compared EHI and known QM in the literature, resulting in ecological health comparisons between two ecoregions encompassing 44 grazing farms across 398,949 ha. We also assessed the correlation between EHI, QM and carrying capacity for insight into EHI effectiveness. Our hypothesis is the EHI is correlated to QM and carrying capacity and thus can used as an effective method or grazing land monitoring.
Materials and Methods

Experimental Site
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Ecological Health Index
In this study, EHI was developed as an adaptation of previous work [17, 23, 24] . Ecological properties and processes including soil stability, water cycle, nutrient cycle, plant community dynamics and energy flow were evaluated annually using multiple indicators determined by visual assessment (Table 2 , Appendix A). Each EHI indicator and the ecosystem processes they influence are referenced in Table 2 . Table 2 . Ecological processes and related indicators evaluated for Ecological Health Index (EHI). The Type columns explains if the indicator is evaluated as compared to the reference area or as a stand-alone, absolute indicator. The latter four columns indicate which of the key four ecosystem cycles this is an indicator of (white, not an indicator; gray, an indicator). To use the EHI, an evaluation matrix was created for each ecoregion, following the procedures proposed by Pellant et al. [17] . For each ecoregion, we first identified two or more reference areas-the described, best-known expression of biodiversity, site stability and ecosystem function or a site considered most representative of the grazing land's ideal state. The evaluation matrix for reference areas in HMS and SG are presented in Appendix A. A reference area score card was developed according to the ecoregion evaluation matrix. At each participating farm, scores were assigned to each indicator using the score card. The EHI is the cumulative score of for all indicators ranging from −130 to +110. Higher EHI indicates greater ecosystem function while low values suggest that the ecosystem is a low-functioning landscape with considerable negative departure from the reference area in that Ecological Region.
Besides EHI, the functional indexes including Soil Stability Index (SSI), Water Cycle Index (WCI), Nutrient Cycle Index (NCI), Plant Community Dynamics Index (CDI), Energy Flow Index (EFI) were calculated using related indicators (Table 2) The value of each functional index reflects the ecosystem cycle function observed at the monitored site in comparison to the ideal condition of the reference area. For example, if the WCI value is 100%, this indicates the assessed water cycle is similar to the best expected condition for water in the monitored area.
Long Term Fixed Transects
The methodology for long term fixed transects was adapted from Oliva et al. [32] for assessing grazing lands in Patagonia [32] . Transects can be used for long-term monitoring (every 4 to 5 years). The aim is to track the change in ecosystem process functionality over time using QM, an addition to the short-term attributes measured with EHI. In this study, the long-term fixed transects were used to assess QM and EHI in the same years, so as to compare these two monitoring methods. At each monitoring farm a fixed transect was installed ( Figure 1 ) and measures were taken to assess QM including species richness, the Shannon-Wiener Index, percentage area of bare ground, litter, standing dead (dead material not in contact with the land surface), evidence of cryptogams or ephemeral species and total live vegetation abundance. These QM aimed to reflect the soil surface and vegetation composition as ecosystem function indicators. Specifically, the basal cover and plant biodiversity was read using a Point and Flexible Area Method (PAF) [33] . This method is used for rapid inventories of ecological function status combines classical methods of line point intercepts with quadrat sampling areas. As indicated in Figure 1 , two-line point transects (transect 1 and 2) of 25 m long, points spaced every 0.25 m (100 points in each transect, total 200 points) were used to do quantifiable assessment of plant species. At each point, a pin was pointed to the ground and the plant species touched by the pin were recorded. Also, a variable area on each side of T2 (flexible quadrat) was used to check for rarer species. All species not recorded by pin hits included in the area between T1 and T3 were recorded, with their basal area and distance to T2. A complete species list with quantifiable cover estimates was then obtained. Species litter or bare ground observed from the 200 points were recorded. This procedure gives an estimate of biodiversity indicators (species richness and Shannon-Wiener Index) and describes canopy cover by species and functional groups. The T3 was used for observation in ten 50 × 50 cm quadrats, spaced every 2 m and the EHI was evaluated and recorded. Each participating farm was surveyed to assess their carrying capacity. The carrying capacity data corresponds to paddock average, was defined as sheep animal days/hectare and was compared with EHI. 
Statistical Analysis
Linear correlation between EHI, QM and carrying capacity and between functional indexes (SSI, WCI, CDI and EFI) and QM was conducted using SAS PROC CORR procedure (SAS 9.4, 2013). The linear regression analysis was conducted using SAS PROC REG procedure with EHI as the independent variable and QM as the dependent variable.
Results
Ecological Health Index and Quantifiable Measurements
Both HMS and SG had 2 farms with EHI values greater than 40, indicating they are ecologically high functioning. However, 11 farms in SG (55% of 20 farms) and 6 farms in HMS (25% of 24 farms) had negative EHI (<0), suggesting a low ecosystem function.
In order to assess EHI efficacy, we compared the EHI farm score to multiple QM in each ecoregion and analyzed the correlation between EHI and selected QM. The QM included species richness, the Shannon-Wiener Index (which refers to the diversity and evenness of plant species) and the percentage area of bare ground, litter, standing dead, cryptogams, ephemeral species and total live vegetation. In each ecoregion, EHI was positively correlated with species richness (R = 0.61, P = 0.0022 for HMS, Figure 2 ; R = 0.67, P = 0.0022 for SG, Figure 3) .
No significant correlations were detected between EHI and the Shannon-Wiener Index (data not shown). The Shannon Wiener Index was 1.6 to 2.5 for HMS and 0.6 to 2.4 for SG, respectively. The HMS and SG had 0 to 11.7% and 0 to 19.5% standing dead respectively and 0 to 9.5% and 0 to 3.5% cryptogams respectively, none of which was correlated with EHI. The percentage of ephemeral (short-lived, non-perennial) species was lower than 6% and no correlations with EHI were detected. Perennial species play an important role on regulating ecosystem services, even on annual dominated ecosystems [34] . In this study, the percentage of cryptogams and ephemeral species are relatively low so both ecoregions were dominated by perennial grasses. 
Statistical Analysis
Results
Ecological Health Index and Quantifiable Measurements
No significant correlations were detected between EHI and the Shannon-Wiener Index (data not shown). The Shannon Wiener Index was 1.6 to 2.5 for HMS and 0.6 to 2.4 for SG, respectively. The HMS and SG had 0 to 11.7% and 0 to 19.5% standing dead respectively and 0 to 9.5% and 0 to 3.5% cryptogams respectively, none of which was correlated with EHI. The percentage of ephemeral (short-lived, non-perennial) species was lower than 6% and no correlations with EHI were detected. Perennial species play an important role on regulating ecosystem services, even on annual dominated ecosystems [34] . In this study, the percentage of cryptogams and ephemeral species are relatively low so both ecoregions were dominated by perennial grasses. To further confirm the effectiveness of EHI, we calculated functional indices (SSI, WCI, NCI CDI and EFI) by selecting indicators used for EHI associated with soil stability, water cycle, nutrient cycle, plant community dynamics and energy flow (see Table 2 ). The correlation analysis between the functional indices and QM are indicated in Table 3 . Similar to EHI, the SSI, WCI, CDI and EFI were generally positively correlated to species richness and the percentage of total live vegetation and negatively correlated with percentage of bare ground, at both ecoregions. Specifically, SSI, WCI and EFI were highly correlated with the percentage of total live vegetation (R = 0.69 to 0.85) and bare ground (R = −0.74 to −0.93), indicating soil stability, water cycle and energy flow are potentially effective indicators for ecological function. To further confirm the effectiveness of EHI, we calculated functional indices (SSI, WCI, NCI CDI and EFI) by selecting indicators used for EHI associated with soil stability, water cycle, nutrient cycle, plant community dynamics and energy flow (see Table 2 ). The correlation analysis between the functional indices and QM are indicated in Table 3 
Carrying Capacity
Participating managers were surveyed on the overall carrying capacity of their managed landscapes. The average carrying capacity was 123 (ranging from 23 to 503) and 35 (ranging from 0 to 84) sheep animal days per hectare in HMS and SG, respectively (data not shown). The EHI was positively and significantly correlated with carrying capacity (R = 0.72, P = 0.0003 for HMS and R = 0.57, P = 0.02 for SG (Table 4) . 
Discussion
Ecological Health Index and Quantifiable Measurements
Species richness, an indicator of plant diversity, is a useful metric for landscape health as it can influence ecosystem multifunctionality and stability [35] [36] [37] [38] [39] . The consistent correlation between species richness in our pilot locations and EHI suggest that EHI could be an effective assessment of grazing land ecological health. Vegetation cover and bare ground percentage is likewise an important ecological indicator as greater bare ground results in increased runoff and sediment loss [25] . In this study, mean live vegetation percentage was positively correlated with EHI at both ecoregions (Figure 2; Figure 3) . Martin et al. studied the impacts of precipitation pattern on grazing lands and reported that decreased rainfall can be detrimental to net primary productivity while increased precipitation variability may have negative, none or positive effects [11] . We did detect numerically different vegetation cover and plant species between HMS and SG and assess this was partly attributed to the increased precipitation and generally milder growing conditions in HMS. Conversely to vegetation cover, the percentage of bare ground was negatively correlated with EHI in both ecoregions.
An Australian rangeland study by Bartley et al. [25] reported a consistency in evaluating ecological health by using vegetation cover percentage and the soil surface condition (SSC) index derived from the LFA method [24] . The authors reported that both vegetation cover percentage and the SSC index were highly correlated with infiltration rate. We offer that EHI can be used in a similar fashion to assess water cycle function. Moreover, the correlation between EHI and QM further confirm the effectiveness of EHI. Besides plant composition and bare ground percentage, litter amount is also an ecological health indicator and the percentage of litter cover can be influenced by grazing management [40, 41] . Litter percentage had a low correlation with EHI only in SG (but not HMS). The small live plant percentage and lower species richness in SG may lead to less root biomass and diversity when compared to other regions with more favorable growing conditions. Since root residues and exudates determine the labile C input, litter may be more important to sustain ecosystem function in drier areas such as SG and to a lesser degree HMS, to provide C input and a food source for soil microbes [42] . Moreover, the litter cover can protect soil from erosion, which is critical in regions such as SG with less vegetation cover and less precipitation [43] . Conversely, HMS has relatively higher precipitation which favors litter decomposition, so the litter amount is not necessarily correlated to ecosystem functions.
The absolute values of correlation coefficients (R) between EHI and species richness, percentage of total live vegetation and bare ground were between 0.55 and 0.72 (P < 0.05). Similar to our study, Kosmas et al. reported a correlation (R = 0.57) between the desertification risk index and soil organic matter content from a land degradation study attributing the causes of this correlation to other factors such as land management, climate conditions or soil characteristics [14] . Similarly, a Colorado study indicated correlation coefficients between qualitative indicators and other quantitative measures between 0.31 and 0.69 [44] . Tongway and Hindley also analyzed the relationship between the LFA-derived indexes and different QM and they indicated a high correlation between nutrient cycling index and respiration (R > 0.9) and between infiltration index and infiltration (R > 0.8) [24] . Likewise, the infiltration index and measured infiltration rate was highly correlated (R > 0.9) in the study of Bartley et al. [25] . The higher correlation detected from these studies, however, were between the functional index and its related processes (nutrient cycling index vs. respiration, infiltration index vs. infiltration, invasive plant indicator vs. invasive plant foliar cover, bare ground indicator vs. basal gap percentage, etc.). Conversely, in our study, EHI is an integrated index encompassing soil stability, water cycle, nutrient cycle, plant community dynamics and energy flow, aiming to detect the whole ecological status of a grazing land ecosystem.
EHI and Carrying Capacity
At both ecological sites, carrying capacity was positively correlated with the percentage of total live vegetation. Similarly, other studies also indicate that carrying capacity can be improved by promoting plant production [45] . Conversely, lower plant productivity, which may result in or attribute to a greater area of bare ground or erosion pavement, may be detrimental to carrying capacity. In each location, bare ground was negatively correlated with carrying capacity. The consistency of EHI and QM on their relationship with carrying capacity further suggest that EHI can be a useful method to evaluate ecological function. Importantly, while a relationship between EHI and SG carrying capacity is positive, in this brittle environment there could be risk for conflating a positive correlation with an overstocked landscape. However, this would only be in a short-term situation and overtime, the two metrics, if actually related, would become more correlated.
The relationship between plant diversity and ecosystem function is not very well understood and more studies are needed to determine the impacts of species richness on animal production [46] . In this study, data indicate that the carrying capacity was positively correlated to species richness in HMS (P = 0.0025) suggesting a potential advantage of biodiversity in supporting greater animal productivity with high vegetation cover.
Overall, the strongest correlations we detected were between EHI and carrying capacity. This correlation would indicate that EHI can be a useful indicator in overall landscape productivity. So, while EHI was not closely aligned with every indicator we monitored, from a holistic sense the aggregated monitoring approach effectively aligned with a high indicator of overall land productivity. Ultimately, land with a greater EHI could effectively sustain a greater carrying capacity with improved ecosystem function.
Conclusions
The EHI is a monitoring protocol that utilizes tools from multiple land assessment approaches. By measuring both EHI and QM and conducting correlation analysis between the two, our data indicate that EHI increased with species richness, percentage of total live vegetation and decreased with percentage of bare ground. However, we did not detect relationships between the Shannon Wiener Index and EHI. While there were positive and significant relationships between EHI and carrying capacity. Thus, EHI can be useful to inform decision makers about ecological attributes associated with positive landscape function. Regular monitoring of such attributes leads to a greater understanding of the relationship between management and ecosystem services in agricultural ecosystems and provides information on how to improve subsequent management. We suggest that a combination of frequent EHI monitoring with long-term QM, as proposed by Borrelli et al., can provide a cost-effective assessment of ecosystem health in grazing lands [31] . 
